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ABSTRACT 

b '  
This paper desc r ibes  t h e  de r iva t ion  of a canputer r o u t i n e  f o r  pre-  

d i c t i n g  the v e r t i c a l  d i s t r i b u t i o n  of aerospace dens i ty  i n  the terrestrial 
space environment above the sur face  of t h e  ea r th .  Solar  a c t i v i t y ,  geo- 
magnetic storm, d iu rna l  hea t ing  , l a t i t u d e ,  and the e a r t h ' s  o r b i t a l  
e c c e n t r i c i t y  e f f e c t s  are included i n  t h i s  model. Dens i t i e s  can be pre-  
d i c t e d  f o r  any time through December 1992. 
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TECHNICAL MEMORANDUM X-53062 

AN AUTOMATED MODEL FOR PREDICTING AEROSPACE DENSITY BETWEEN 
200 AND 60,000 KILOMETERS ABOVE THE SURFACE OF THE EARTH 

SUMMARY 

What space env i romen ta l  conditions may be expected f o r  an  e a r l y  
morning launch a t  Cape Kennedy, Florida,  i n  September 1972, an a f te rnoon 
launch i n  March 1983, o r  a n  evening launch i n  J u l y  1990? Designers of 
space veh ic l e s  and t h e i r  co-workers i n  the  f i e l d s  of t r a j e c t o r y  optimiza- 
t i on ,  o r b i t a l  l i f e t i m e  p red ic t ion ,  and mission a n a l y s i s  and eva lua t ion  
need the answers t o  these questions today t o  in su re  an economical, s a fe ,  
success fu l ,  and smoothly in t eg ra t ed  space program. This paper a t tempts  
t o  provide the  answer t o  one aspect of t h i s  problem through a f u l l y  
automated, p r e d i c t i v e  model of t h e  dens i ty-he ight  p r o f i l e  i n  t h a t  p a r t  
01 t h e  terrestrial space environment from 200 t o  60,000 kilometers above 
the e a r t h ' s  sur face .  

A set of a n a l y t i c a l  expressions f o r  computing time and s o l a r  f lux 
dependent density-height p r o f i l e s  i n  the  upper atmosphere above the 
earth's su r face  is  derived from an a n a l y s i s  of cu r ren t  observations 18, 
17 ,  261. 
however, da t a  requirements of using agencies have made t h e  development 
of a p r e d i c t i v e  model of paramount importance. 

Admittedly the  a v a i l a b l e  da t a  sample i s  f a r  from adequate; 

A f o r e c a s t  i s  made of t h e  solar  a c t i v i t y  expected during the 
twent ie th  and twen ty - f i r s t  s o l a r  cycles. 
p r e d i c t i o n  of density-height p r o f i l e s  during these s o l a r  cycles.  

The r e s u l t s  are used i n  the  

The accuracy of the pred ic t ions  f o r  t he  d i s t a n t  f u t u r e  depends t o  
a g r e a t  e x t e n t  upon the sub jec t ive  p red ic t ions  of the twent ie th  and 
twen ty - f i r s t  s o l a r  cycles. The so la r  cycle p red ic t ions  can be updated 
p e r i o d i c a l l y  as the n ine teenth  s o l a r  cyc le  progresses , thereby improving 
t h e  o v e r a l l  accuracy of the dens i ty  p red ic t ions .  

Values of atmospheric dens i ty  pred ic ted  using t h i s  system of equa- 
t i o n s  are' compared i n  Figure l w i t h  t he  1959 ARDC Standard Atmosphere 
and t h e  1962 U. S. Standard Atmosphere. 



INTRODUCTION 

During the e a r l y  horse-and-buggy days of space t r a v e l ,  meteoro logis t s  
were c a l l e d  upon t o  fu rn i sh  cu r ren t  information a s  wel l  a s  r e l a t i v e l y  s h o r t  
range predic t ions  of atmospheric parameters w i th in  the  confines  of the  
troposphere;  however, a s  veh ic l e s  were r e f ined  and improved, the upper 
boundary of the reg ion  f o r  which information was requi red  was  pushed from 
the  troposphere through the tropopause i n t o  the  s t ra tosphere .  With the  
advent of j e t - type  a i r c r a f t ,  missi les ,  and f i n a l l y  o r b i t i n g  manned and 
unmanned spacecraf t ,  the  upper l i m i t  w a s  extended even f a r t h e r  from the 
su r face  of the e a r t h  - from the homosphere t o  the  heterosphere [20]  - the 
t i m e  l i m i t  was extended t o  severa l  days, and the personnel who provided 
the  requi red  information were now c a l l e d  aerospace technologis t s  r a t h e r  
than meteorologis ts .  Soon the  boundaries w i l l  be removed once again,  t o  
c i s luna r  and t ranslunar  space with t i m e  dura t ions  of s eve ra l  months, and 
i n  the  not  too d i s t a n t  fu tu re  one can foresee  in t e rp l ane ta ry  and poss ib ly  
i n t e r g a l a c t i c  t r a v e l  with assoc ia ted  p red ic t ion  requirements of severa l  
years  durat ion.  

With each t r a n s i t i o n  the provis ion of adequate da ta  has  become 
increas ingly  d i f f i c u l t  w i th  the  t r a n s i t i o n  from the  homosphere t o  the  
heterosphere having the  g r e a t e s t  magnitude, f o r  prel iminary r e s u l t s  from 
t h e o r e t i c a l  considerat ions and rocket-borne experiments soon revealed 
t h a t  here  w a s  an e n t i r e l y  new and r a d i c a l l y  d i f f e r e n t  r e a l m .  I n  t h i s  
outermost region, t he  heterosphere,  the r u l e s  and r e l a t i o n s h i p s  which had 
been es tab l i shed  t o  expla in  the behavior of the homosphere would not 
always produce the  r e s u l t s  observed.. Such f a m i l i a r  bas i c  equat ions as  
the  pe r fec t  gas law and the hydros t a t i c  equat ion were not  appl icable ,  
unreservedly [20] ,  t o  t h i s  tenuous gas plasma which was not  mixed bu t  
s t r a t i f i e d ,  which w a s  not  always i n  h y d r o s t a t i c  equi l ibr ium [27], and 
whose composition was no t  only h ighly  v a r i a b l e  and contained charged a s  
w e l l  a s  neut ra l  p a r t i c l e s  bu t  a l s o  could n o t  be accu ra t e ly  measured wi th  
e x i s t i n g  instrumentation. New observa t iona l  techniques a s  w e l l  as new 
and more sophis t ica ted  instrumentat ion had t o  be developed. While g r e a t  
improvements have been made, complete success i s  s t i l l  i n  the  d i s t a n t  
fu ture .  

Despi te  the s c a r c i t y  of v e r i f i e d  theo r i e s  and observat ional  da t a ,  
requirements f o r  da ta  of g r e a t e r  scope a s  w e l l  as h igher  accuracy and 
r e l i a b i l i t y  for  use i n  more r e f ined  design c r i t e r i a ,  t r a j e c t o r y  optimiza- 
t i o n ,  and o r b i t a l  l i f e t i m e  predic t ions  continue t o  increase  with no s i g n  
of abatement. 
g r e a t  i s  t h e  v e r t i c a l  d i s t r i b u t i o n  of atmospheric dens i ty  - t he  dens i ty-  
he igh t  p r o f i l e  - and i t s  temporal and s p a t i a l  v a r i a b i l i t y .  
i s  no in t en t ion  of s l i g h t i n g ’ o r  underestimating the  importance of tempera- 
t u r e ,  molecular weight, pressure,  and composition and the  temporal and 
s p a t i a l  d i s t r i b u t i o n  and v a r i a b i l i t y  of each, t h i s  p a p e r  w i l l  p resent  an 

One aerospace parameter f o r  which the  demand is  p a r t i c u l a r l y  

While the re  
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independent, completely automated, p r e d i c t i v e  model of t he  v e r t i c a l  d i s -  
t r i b u t i o n  of dens i ty  i n  that por t ion  of t he  t e r r e s t r i a l  space environment 
from 200 t o  60,000 kilometers above the  e a r t h ' s  sur face  based on the  
c r i t e r i a  e s t ab l i shed  i n  Section 11. 

I n  the immediate f u t u r e  a model f o r - t h e  t r a n s i t i o n  r eg ion  between 
90 and 200 kilometers above the e a r t h ' s  sur face  w i l l  be deveJoped which 
w i l l  mesh wi th  the P a t r i c k  AFB, Florida Reference Atmosphere developed 
by M r .  0. E. Smith, Marshall Space F l i g h t  Center and t h i s  model f o r  the 
reg ion  above 200 kilometers.  

Following that development, fu tu re  research  a c t i v i t y  w i l l  be d i r e c t e d  
toward the i d e n t i f i c a t i o n  and separa t ion  of t he  geomagnetic and l a t i t u d e  
e f f e c t s  [6, 261, now included i n  Equations 4a and 4b, and the development 
of s p e c i f i c  co r rec t ive  f a c t o r s  for  each of these e f f e c t s  on dens i ty  [3, 
9, 10, 111 f o r  i nc lus ion  i n  t h i s  model. 

I wish t o  express my thanks to  M i s s  Sylvia Bowers of the c m p u t a t i b n s  
s e c t i o n  f o r  her inva luable  a s s i s t ance  i n  programming t h i s  system of equa- 
t i o n s  on the GE 225 computer. 

' 

11. DISCUSSION 

An in t ens ive  l i t e r a t u r e  survey w a s  undertaken t o  determine the cur- 
r e n t  s t a t e -o f - the -a r t  knowledge of t he  dens i ty-he ight  p r o f i l e  i n  the  
t e r r e s t r i a l  space environment. T e r r e s t r i a l  space is he re  def ined as the  
reg ion  from 130 t o  60,000 kilometers above the sur face  of the ea r th .  A 
mul t i tude  of t h e o r e t i c a l  models [20] have been advanced, some based pure ly  
on hypothesis,  some based on a few widely s c a t t e r e d  s a t e l l i t e  [l, 8, 17,  
261 and rocket-borne observations [2, 6,  13, 181 combined wi th  t h e o r e t i c a l  
explanations derived from so lu t ions  t o  problems of t he  homosphere, and 
some based on b a s i c  p r inc ip l e s .  From t h i s  survey i t  was determined t h a t  
a r ep resen ta t ive  model of t h e  density-height p r o f i l e  of t he  terrestrial  
space environment above 100 kilometers above t h e  e a r t h ' s  sur face  should 
incorpora te  the following features:  

1. Time- and latitude-dependent dens i ty  a t  any s p e c i f i c  
a l t i t u d e  between 200 and 60,000 kilometers [l, 6, 7, 14, 
16, 20, 211. 

* 2. A d iu rna l  hea t ing  e f f e c t  such t h a t  the dens i ty  is a mini- 
mum a t  approximately 0600 LST (Local Standard Time) and 
a mximuxn a t  1400 LST above 180 kilometers and a maximum 
a t  approximately 0600 LST and a minimum a t  1400 LST between 
120 and 180 kilometers [ l ,  7 ,  9, 10, 11, 14, 15, 16, 18, 20, 
23, 251. 

*Memorandum R-AERO-Y-12-63, December 9 ,  1963, Aero-Astrophysics Off i c e ,  
Aero-Astrodynamics Laboratory, Huntsv i l le ,  Alabama. 
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3.  A maximum d iu rna l  v a r i a t i o n  i n  dens i ty  between 500 and 700 
kilometers above the  e a r t h ' s  sur face  [ 9 ,  241. 

4. No d iurna l  v a r i a t i o n  i n  dens i ty  below 120 ki lometers  17, 
11, 14, 201. 

5 .  A s o l a r  a c t i v i t y  dependent dens i ty  a t  any a l t i t u d e  between 
100 and 1200 ki lometers  wi th  the  10.7 cent imeter  s o l a r  
r ad io  noise  f l u x  being used as an  ind ica to r  f o r  t h e  amount 
of s o l a r  a c t i v i t y  [l, 9, 10, 11, 14, 15, 16 ,  19, 241. 

Although they are no t  s p e c i f i c a l l y  evident  i n  the  f i n a l  se t  of 
equat ions,  the following add i t iona l  f e a t u r e s  were considered i n  the  
development .of the  model: 

1. A constant  mean molecdlar weight and composition below 
105 k 5 kilometers  [14, 16, 20, 211, and a t i m e  and s o l a r  
f l u x  dependent mean molecular weight above 105 2 5 kilom- 
e t e r s  [16, 1 9 ,  211. 

2. Comple te  mixing of the  gases  below and d i f f u s i v e  equi l ibr ium 
above 105 k 5 kilometers  [ 7 ,  1 2 ,  16, 201. 

111. PROCEDURES 

From the l i t e r a t u r e  survey it was  determined t h a t  a system wherein 
a s e r i e s  of cor rec t ions  could be appl ied,  when needed, t o  a bas i c  expres- 
s ion  f o r  the  v e r t i c a l  d i s t r i b u t i o n  of dens i ty  a t  a c e r t a i n  time of the 
day under a s p e c i f i c  s o l a r  r a d i o  noise  f l u x  was t h e  most f e a s i b l e  approach 
s ince  each por t ion  of the f i n a l  s e t  of equations could be updated ind iv id-  
u a l l y  whenever newer da ta  d i c t a t ed .  Equation 1 below is  the  b a s i c  expres- 
sion. The subscr ip ts  i n  t h i s  and a l l  f u t u r e  expressions i n  t h i s  paper 
are  of the  form (time of day, amount of 10.7 cent imeter  s o l a r  r a d i o  noise  
f lux ,  a l t i t u d e ) .  Equations 2 and 3 contain the c o r r e c t i v e  f a c t o r s  with 
f ( t )  being the co r rec t ion  f o r  t he  t i m e  of day o r  d iu rna l  hea t ing  e f f e c t ,  
m(Z) providing the  co r rec t ion  f o r  the a l t i t u d e  v a r i a t i o n  of t he  d iu rna l  
hea t ing  e f f e c t ,  and FlOe7 (SF - 25) providing the co r rec t ion  due t o  the 
v a r i a t i o n  i n  the  10.7 cent imeter  s o l a r  r a d i o  noise  f lux .  

Equation 1 w a s  der ived through a l e a s t  squares  f i t  t o  a combination 
of observed [8, 1 7 ,  261 and empir ical  da ta  ad jus ted  t o  0600 LST (Local 
Standard Time) f o r  a per iod of absolu te  minimum s o l a r  f l ux ,  SF = 25 x 
wa t t s  pe r  meter2 per  cycle  per  second [28]. 



- 10.28. 200.0 - z - 
log '(06,25,z) - 51.654467 + 0.10790209Z 

Equation 3 w i l l  produce the densi ty  a t  any a l t i t u d e ,  Z,  a t  any 
time of the day, t L ,  and a t  any level  of s o l a r  a c t i v i t y ,  SF. 

The next s t e p  was the  development of a co r rec t ive  f a c t o r  which 
would make t h e  model dependent upon the  amount of incoming s o l a r  rad ia-  
t ion .  
l i t e  o r b i t  analyses  showed that no s ing le  cor rec t ion  f a c t o r  could be 
deri-iied t o  f i t  the range of f iuc tua t ions  a t  the  var ious  a l t i t u d e s ;  there-  
fo re ,  two equations were derived which would produce an envelope whose 
range would cover the range of the observed values.  It is rea l i zed  that 
the equations developed i n  t h i s  manner mask, among o ther  e f f e c t s ,  the  
geomagnetic storm and l a t i t u d e  e f f e c t s  a s  w e l l  a s  accounting f o r  the  
f a c t  t h a t  the  10.7 centimeter so l a r  f l u x  i s  no t  a p e r f e c t  ind ica tor  of 
s o l a r  a c t i v i t y  [23. I n s u f f i c i e n t  information, however, precludes the 
separa t ion  of these three  e f f e c t s  a t  t h i s  time. It is hoped t h a t  t h i s  
d i s t i n c t i o n  can be made soon a s  more observat ional  da t a  become ava i lab le .  
Equation 4 2  w i l l  produce the lower l i m i t  curve, while Equation 4 b  w i l l  
produce the  upper l i m i t  curve f o r  the predicted dens i ty  f o r  any s o l a r  
a c t i v i t y  . 

A preliminary ana lys i s  of values of dens i ty  der ived from s a t e l -  

6 
m 

FlOa7 = cos i h  + B~ s i n  ih ,  

i= 0 

where 

A, = 0.29333333 

A, = 0.12981833 

A, = -0'.1137500 

A, = 0.25833333 x 10-1 

A, = 0.79166666 x 

A, = 0.14348333 x 10-1 

A, = -0.17500000 x 10-l 

B 1  = 0.32333268 

B2 = -0.93819375 x 

B3 = -0.32500000 x 10-l 

B4 = -0.21650625 x loe2 

B5 = 0.21667316 x 10-l 
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F,,., = 10-2 c cos p~ + D s i n  PA, 
P P 

p=o 

where 

Co = 0,44583333 

C 1  = 0.17221255 

C, = yO.83333333 x 10'1 

C3 = 0.66666666 x 

C4 = 0.21666666 x 10-1 

C, = -0.38792000 x 

C 6  = -0.91666666 x 

D 1  = 0.41152230 

D, = -0.41857866 x 10-1 

D3 = -0.16666666 x 

D4 = -0.15877102 x 10-1 

D, = 0.21811050 x 10-1 

and 

f o r  200 5 Z = 1200 km and Floe, = 0.0000 f o r  Z > 1200 kilometers .  

Equation 5 will produce the d iu rna l  bulge spec i f i ed  i n  f e a t u r e  f 2  
of Sect ion 11. 

f ( t )  = f a cos i t  + b s i n  i t ,  

i= 0 
i i 

6 

(5) 



where 

a, = 469.166 a7 = 4.488 bl  = 67.804 b, = 1.450 

al  = 468.764 a 8  = -1.666 b2 = -77.152 be  = 0.000 

a2 = 116.638 ag = -4.212 b 3  = 1.818 b, = 3.484 

alo= 0.446 b, = 18.042 blo= 0.068 a3  = - 36.622 

a4 = - 18.750 all= 1.008 b, = 0.784 b,i= -3.698 

a5 = - 0.928 a12= -1.25 b6 = - 4.584 

and t = ( t L  - 14.00) n /12  and t L  = Local Standard Time on a twenty-four- 
hour clock. 

The f i f t h  s t e p  was t h e  development of a c o r r e c t i v e  f a c t o r  which, 

Assuming that 
when combined wi th  Equation 5 ,  would produce the a l t i t u d e  v a r i a t i o n  i n  
the d i u r n a l  bulge s p e c i f i e d  i n  f ea tu re  8 3 ,  Sect ion  11. 
the 10.7 centimeter s o l a r  r a d i o  noise f l u x  remained e s s e n t i a l l y  cons tan t  
during the  period from 0600 t o  1400 LST, the times of t h e  d iu rna l  mini- 
mum and maximum, r e spec t ive iy ,  then Equation 3 could be solved from m(Z) 
f o r  a series of va lues  of Z by s u b s t i t u t i n g  appropr i a t e  va lues  f o r  

from a v a i l a b l e  observa t iona l  da t a  knowing t h a t  f ( t )  = 1 when t L  = 14.00. 
These s o l u t i o n s  of Equation 3 es t ab l i shed  a set  of numbers Em, Z ]  from 
which Equations 6a and 6b were derived. 

m(Z) = (-0.24125 x + 0.31125 x Z )  (Z - 200.0) + 0.05 

(6a) 

f o r  
200 = Z < 600 

+ 6.50 Z - 600.0 
m(z) = 56.93259 - 0.158899062 

f o r  

600 = Z = 60,000. 
7 



To produce an e n t i r e l y  automated system, it w a s  necessary t o  
der ive  a second set  of a n a l y t i c a l  expressions capable of p red ic t ing  the  
s o l a r  a c t i v i t y  parameter, SF, used i n  Equation-2.  Figure 2 shows yea r ly  
s o l a r  a c t i v i t y  values  i n  terms of smoothed mean Zurich sunspot numbers 
f o r  the  period from January 1749 through December 1962 [4].  

Figure 3 is  a composite overlay of s o l a r  cycles  2, 3,  4, and 5, 
while  Figure 4 is  the same overlay of s o l a r  cycles  18 and 19 wi th  pre- 
d i c t i o n s  f o r  20 and 21. These pred ic t ions  are based on the  observed 
s i m i l a r i t i e s  between the  f i r s t  recorded series of cycles  (2, 3,  4, and 
5) and the cur ren t  s e r i e s  p lus  the  following f ac t s :  

1. Over 200 years  of recorded da ta  (Figure 2) f a i l  t o  show more 
than four increasing peaks i n  any sequence of s o l a r  cycles .  

2. The f i r s t  peak ( f i f t h  peak i n  any sequence) a f t e r  any 
maximum peak is  always g r e a t e r  than the peak ( t h i r d  i n  any 
sequence) preceding the  maximum peak. 

3. The second peak ( s i x t h  i n  any sequence) a f t e r  any maximum 
peak i s  always s u b s t a n t i a l l y  l e s s  than the f i v e  preceding 
peaks. 

Figure 5 shows monthly mean values  f o r  the  10.7 centimeter s o l a r  
r a d i o  noise  f l u x  as recorded a t  the National Research Council, Ottawa, 
Canada, fo r  the  period February 1947 through December 1961. 

Figure 6 i s  a p l o t  of the  smoothed mean Zurich sunspot number versus  
monthly mean 10.7 centimeter s o l a r  f l ux  during the  period February 1947 
through December 1961. 
on the  graph produced the following equation, c o r r e c t  t o  +lo% [23], f o r  
computing a year ly  mean value f o r  the 10.7 centimeter s o l a r  f l u x  param- 
e t e r ,  S :  

A l e a s t  squares f i t  t o  the  smooth curve drawn 
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where 

co = 67.80036 ~5 = -0.261604186 x 

c1 = 0.419498444 c6 = -0.159036136 x 10-l' 

c2 = 0,427501471 x c7 = 0.140461971 x 

c3 = - 0.469543503 x c8 = -0.274461310 x i0-l' 

c4 = 0.660862973 x 

and SS = Zurich smoothed mean sunspot number. 

Once the  y e a r l y  mean v a l u e  of the  10.7 cent imeter  s o l a r  r a d i o  noise  
f l u x  has been predic ted  using Equation 7, Equations 8a and 8b w i l l  com- 
pute  t h e  monthly mean v a l u e  that would be predic ted  i f  t h e  e a r t h ' s  o r b i t  
about t h e  sun were a p e r f e c t  c i r c l e .  

SM = Sy - (6 - M/12)(+ - Sy-1) f o r  M < 6. 

D a s  Gupta [5] ,  however, presented observa t iona l  da t a  showing a 
semiannual v a r i a t i o n  [ l5 ,  171 i n  inc iden t  10.7 cent imeter  s o l a r  f lux 
due t o  t h e  e a r t h ' s  o r b i t a l  eccen t r i c i ty .  
combined wi th  a curve f i t  by a harmonic a n a l y s i s  of the  new r e s u l t s  pro- 
duced t h e  following equat ion which w i l l  c o r r e c t  the  r e s u l t s  obtained 
from Equations 8a and 8b above, fo r  t he  semiannual v a r i a t i o n  and produce 
the  f i n a l  v a l u e  of the  s o l a r  a c t i v i t y  parameter, SF, t o  be used i n  
Equation 2: 

A reexamination of h i s  d a t a  

6 

SF = $1 dn cos ne + e s i n  ne, n 
n=O 
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where 

do = 0.10000000 x 10, 

d, = -0.28737186 x 10-1 

d2 = -0.10333333 x 10-1 

d, = 0.15000000 x 10'' 

d, = -0.50000000 x lom3 

d, = 0.20601563 x lo'* 

d, = 0.28333333 x 

e, = -0.13090493 x 10-I 

e2 = -0.12701714 x 10-1 

e3 = -0.35000000 x 

e, = -0.20207273 x 10" 

e, = -0.24095063 x 

and 8 = (I4 - 6) d 6 ,  and where M i s  a f i g u r e  corresponding t o  the  month 
of t h e  year  beginning wi th  January = 1, February = 2, etc.  

IV. ELECTRONIC DATA PROCESSING PROGRAM 

The following program has been developed f o r  use on a GE 225 com- 
puter .  There are  two opt ions f o r  input  da ta .  I f  the  monthly mean va lue  
f o r  the  10.7 cent imeter  s o l a r  r a d i o  noise  f l u x  is  known o r  pred ic ted ,  
then opt ion  1 i s  read i n t o  the  machine and the input  da t a  c o n s i s t  of 
t he  time of day, tL ;  10.7 centimeter monthly mean s o l a r  r a d i o  f lux ,  SF; 
beginning a l t i t u d e ,  BZ; ending a l t i t u d e ,  EZ;  and a l t i t u d e  increment, DZ. 
I f  t he  r e s u l t s  are t o  be based on the  known o r  pred ic ted  va lue  of the  
annual smoothed mean Zurich sunspot number as determined from Figure 4, 
then opt ion  2 i s  read i n t o  the  machine and the input  da t a  c o n s i s t  of 
t he  month of t he  year ,  M; time of day, tL ;  sunspot number, SS; and 
a l t i t u d e ,  Z. If sense switch 19 i s  down, the  output  w i l l  be t h e  maxi- 
mum dens i ty  predlcted;  however, i f  sense switch 19 i s  up, the output  
w i l l  be the  minimum dens i ty  predicted.  I n  every ins tance ,  the  output  
w i l l  cons i s t  of the t i m e  of day, 10.7 cent imeter  s o l a r  r a d i o  noise  f lux,  
a l t i t u d e ,  and the  pred ic ted  dens i ty .  

10 
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v. RESULTS 

Figure 1 i s  a p l o t  of t h e  1959 ARDC Standard Atmosphere, 1962 
U. S. Standard Atmosphere, and values pred ic ted  by t h i s  system f o r  a 
10.7 centimeter s o l a r  r a d i o  noise f l u x  of 150 x w a t t s  per  meter2 
p e r  cyc le  per  second a t  0900 LST. 
encompasses the va lues  f o r  both the 1959 and 1962 s tandard  atmospheres 
from -320 t o  580 kilometers,  t h e  r eg ion  i n  this model i n  which both the 
d i u r n a l  and s o l a r  a c t i v i t y  e f f e c t s  on the  dens i ty  are t h e  g r e a t e s t .  

The envelope developed by t h i s  system 

Table I shows the  d iu rna l  v a r i a t i o n  of t h e  densi ty-height  p r o f i l e  
a t  a 10.7 centimeter s o l a r  r a d i o  no i se  f l u x  of 100 x lo-'' w a t t s  per  
meter2 p e r  cyc le  pe r  second while Table I1 shows t h e  d iu rna l  v a r i a t i o n  
a t  a 10.7 centimeter f l u x  of 250 x 
second. 
500 and 700 kilometers above the su r face  of t he  ea r th .  

w a t t s  per  meter2 pe r  cyc le  per  
The amplitude of the d iu rna l  v a r i a t i o n  is g r e a t e s t  between 

Table I11 shows the  v a r i a t i o n  of the densi ty-height  p r o f i l e  wi th  
s o l a r  a c t i v i t y ,  SF, a t  a constant time of 0900 LST. The amplitude of 
the v a r i a t i o n  due t o  s o l a r  a c f i v i t y  is g r e a t e s t  between 300 and 400 
kilometers above t h e  ea r th '  s surface.  

Figure 7 shows t h e  envelopes of d e n s i t y  v a r i a t i o n  a t  200 and 600 
kilometers above t h e  ea r th ' s  sur face  during t h e  period J u l y  1964 through 
December 1992 a t  0600 LST and 1400 LST. 
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TABLE I 

DIURNAL VARIATION OF DENSITY-HEIGHT P R O F I L E  

A L T  

KM 

200 
300 
400 
500 
600 
7 00 
800 
900 

1000 
1100 
1200 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7 000 
7500 
8000 
8500 
9000 
9500 
IO000 
15000 
20000 
25000 
30000 
35000 
40000 
45000 
50000 
55000 
60000 

0600 LST 

M I N  MAX 
( D e n s i t y  - kg/m3) 

8.810E-11 1.2453-10 
8.7573-12 1.2373-11 
1.6523-12 2.3343-12 
2.2483- 13 3.3443-13 
4.4QOE- 14 6.4893-14 
1.106E-14 1.5893-14 
3.4293-1 5 4.7 33E- 15  
1.2723-15 1.5393-15 
5.5893-16 6.1463-16 
2.805E-16 2.878E-16 

1.5823-16 
4.27833-17 
9.7723-18 
3.6653-18 
1.8223-18 
1.0803-18 
7 . 1913-19 
5.1973-19 
3.9863-19 
3.1953-19 
2.6503-19 
2.2583-19 
1.9653-19 
1.7413-19 
1.5643-19 
1.4223-19 
1.3063-19 
1.2103-19 
1.1293-19 
7.2233-20 
5.748E-20 
5.003E-20 
4.5573-20 
4.2623-20 
4.0533-20 
3.8963-20 
3.7753- 20 
3.6793- 20 
3 . 6003-20 

M I N  MAX 
( D e n s i t y  - kg/m3) 

~~ ~ 

9.0313-11 1.276E-10 
1.2013-11 1.6963-11 
3.3523-12 4.7353-12 
6,7373-13 1.0023-12 
1.8703-13 2.7583-13 
3.6823-14 5.2913-14 
9.78163-15 1.3373-14 
3.1903-15 3.8583-15 
1.2793-15 1.407E-15 
5.9713-16 6.1283-16 

3.1763-16 
7.5703-17 
1.5313-17 
5.3453- 18 
2.5353-18 
1.4533-18 
9.4363-19 
6.6883-19 
5.0503- 19 
3.9973-19 
3.2813-19 
2.7713-19 
2.3933-19 
2.1063-19 
1.8813-19 
1.7023-19 
1.5563-19 
1 .435349 
1 .3343- 1 9 
8.3453- 20 
6.5 64E- 20 
5.6743- 20 
5.1453-20 
4.7 9 63- 20 
4,5493-20 
4.3653- 20 
4.2233-20 
4.1103-20 
4.0183-20 

100 

1400 LST 

M I N  MAX 
( D e n s i t y  - kg/m3) 

9.2513-11 1.3073-10 
1.5263-11 2.1563-11 
5.0523-12 7.1373-12 
1.1233-12 1.6703-12 
3.3003-13 4.8673-13 
6.2583-14 8.9943-14 
1.5993-14 2.2013-14 
5.1083-15 6.1773-15 
1.9993-15 2.1993-15 
9.1373-16 9.3773-16 

4.7693-16 
1.0863-16 
2.0853-17 
7.0253-18 
3.2473-18 
1.8263-18 
1.1683-18 
8.1803-19 
6.1153-19 
4.8003- 19 
3.9123-19 
3.2843-19 
2.8213-19 
2.47 1E- 19  
2.1983-19 
1.9823-19 
1.8063-19 
1.6613-19 
1.5403-19 
9.4663-20 
7.3813-20 
6.3453- 20 
5.7333-20 
5.3303-20 
5.0463-20 
4.8343-20 
4.6713-20 
4.5423-20 
4.4363-20 

16  ( ~ ~ d - ~ ~ w / n i ~ - c - s  units  of 10.1 cnl s o l a r  radio noise  flux) 



TABLE I1 

DIURNAL VARIATION OF DENS ITY- HE IGHT PROFILE 

ALT 

KM 

200 
300 
400 
500 
600 
7 00 
800 
900 

1000 
1100 
1200 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7 000 
7500 
8000 
8500 
9000 
9500 

10000 
15000 
20000 
25000 
30000 
35000 
coo00 
65000 
50000 
55000 
60000 

0600 LST 

MIN MAX 
(Density - kg/m3) 

2.4833-10 6,9983-10 
5.8533-11 1.6503-10 
2.711E-11 7.6413-11 
1.9803-12 6.520E-12 
2.3093-13 7.4083-13 
3.5793-14 1.0623-13 
7.3523-15 1.917E-14 
1.9263-15 3.405E-15 
6.759E-16 8.9873-16 
2.9543-16 3.1933-16 

1.5823-16 
4.278E-17 
9.77 2E- 18 
3.6653-18 
1.8223-18 
1 . 08OE-18 
7.1913-19 
5.1973-19 
3 . 9863-19 
3.1953-19 
2.6503-19 
2.2583-19 
1.965E-19 
1.7413-19 
1.564E-19 
1.4223-19 
1.3063-19 
1.210E-19 
1.1293-19 
7.2233-20 
5.7483-20 
5.0033-20 
4.5573-20 
4.2623-20 
4.0533-20 
3.8963-20 
3.7753-20 
3.6793-20 
3.600E-20 

0900 ti 2200 LST 

MIN MAX 
(Density - kg/m3) 

2.5453-10 7.173E-10 
8.0263-11 2.2623-10 
5.500E-11 1.5503-10 
5.936E-12 1.9543111 
9.8143-13 3.1483-12 
1.191E-13 3.5373-13 
2.077E-14 5.417E-14 
4.8293-15 8.5383-15 
1.547E-15 2.0573-15 
6.2883-16 6.7973-16 

3.176E-16 
7.570E- 1 7  
1.531347 
5.345E-18 
2.5353- 18 
1.4533- 18 
9.4363-1 9 
6.6883-19 
5.05OE-19 
3.9973-19 
3.2813-19 
2.77 1 E -  19 
2.393349 
2.106E-19 
1,8813-19 
1.8023-19 
1.5563-19 
1.435E-19 
1.3343-19 
8.3453- 20 
6.5643-20 
5.6743-20 
5.1453-20 
4.7963-20 
4.5493- 20 
4.3653- 20 
4.2233-20 
4.1103-20 
4.0183-20 

1400 LST 

MIN MAX 
(Density - kg/m3) 

2.6073-10 7.3483-10 
1.02OE-10 2.8743-10 
8.289E-11 2.336E-10 
9.8923-12 3.257E-11 
1.7323-12 5.5563-12 
2.0253-13 6.0113-13 
3.419E-14 8.9163-14 
7.7323-15 1.3673-14 
2.4183-15 3.2153-15 
9.6233-16 1.0403-15 

4.7693-16 
1.086E-16 
2 .085347 
7.0253-18 
3.2473-18 
1.8263-18 
1.168E-18 
8. HOE-19 
6.1153-19 
4.8003-19 
3.9123-19 
3.284E- 1 9 
2.821E-19 
2.47 1E- 19 
2.198E-19 
1.9823-19 
1.806E-19 
1.6613-19 
1.5403-19 
9.4663-20 
7.3813-20 
6.3463- 20 
5.7333-20 
5.3303-20 
5.046E- 20 
4.8343-20 
4.67 1E-20 
4.5423- 20 
4.4363-20 

1 7  250 
( ~ l O - ~ ~ w / r n ~ - c - s  units  of 10.7 cm solar radio noise f l u x )  
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